Interlocus gene conversion is considered a crucial mechanism for generating novel combinations of polymorphisms in duplicated genes. The importance of gene conversion between duplicated genes has been recognized in the major histocompatibility complex and self-incompatibility genes, which are likely subject to diversifying selection. To theoretically understand the potential role of gene conversion in such situations, forward simulations are performed in various two-locus models. The results show that gene conversion could significantly increase the number of haplotypes when diversifying selection works on both loci. We find that the tract length of gene conversion is an important factor to determine the efficacy of gene conversion: shorter tract lengths can more effectively generate novel haplotypes given the gene conversion rate per site is the same. Similar results are also obtained when one of the duplicated genes is assumed to be a pseudogene. It is suggested that a duplicated gene, even after being silenced, will contribute to increasing the variability in the other locus through gene conversion. Consequently, the fixation probability and longevity of duplicated genes increase under the presence of gene conversion. On the basis of these findings, we propose a new scenario for the preservation of a duplicated gene: when the original donor gene is under diversifying selection, a duplicated copy can be preserved by gene conversion even after it is pseudogenized. I NTERLOCUS gene conversion plays significant roles in shaping the pattern of polymorphism and divergence in duplicated genes (Ohta 1980; Li 1997; Innan 2003; Teshima and Innan 2004) . Gene conversion exchanges DNA segments between duplicated genes, which is usually described as a copy-and-paste event ( Figure 1 ). With this mechanism, duplicated genes undergo nonindependent molecular evolution. There are at least two major outcomes of gene conversion, which seem somewhat conflicting. One is the phenomenon called ''concerted evolution,'' in which gene conversion reduces sequence variation between duplicates (Ohta 1980; Zimmer et al. 1980; Dover 1982; Li 1997) . The other is that gene conversion creates and enhances genetic variation within a gene family (Miyata et al. 1980; Baltimore 1981; Ohta 1991 Ohta , 1992 Ohta , 1997 . This discrepancy between the two conflicting outcomes can be explained when considering the role of selection and how ''genetic variation'' is defined.
I
NTERLOCUS gene conversion plays significant roles in shaping the pattern of polymorphism and divergence in duplicated genes (Ohta 1980; Li 1997; Innan 2003; Teshima and Innan 2004) . Gene conversion exchanges DNA segments between duplicated genes, which is usually described as a copy-and-paste event ( Figure 1 ). With this mechanism, duplicated genes undergo nonindependent molecular evolution. There are at least two major outcomes of gene conversion, which seem somewhat conflicting. One is the phenomenon called ''concerted evolution,'' in which gene conversion reduces sequence variation between duplicates (Ohta 1980; Zimmer et al. 1980; Dover 1982; Li 1997) . The other is that gene conversion creates and enhances genetic variation within a gene family (Miyata et al. 1980; Baltimore 1981; Ohta 1991 Ohta , 1992 Ohta , 1997 . This discrepancy between the two conflicting outcomes can be explained when considering the role of selection and how ''genetic variation'' is defined.
Concerted evolution is the outcome that can be more intuitively understandable, because it is obvious that a gene conversion event makes the sequence identical for the converted region regardless of its tract length ( Figure 1 ). When gene conversion occurs frequently, the sequence identity between duplicated genes is likely high, while there would be some divergence from their orthologous genes in a different species. This phenomenon was first observed in the rDNA genes (Brown et al. 1972; Coen et al. 1982) , and the genomewide significance of the role of gene conversion has been recently emphasized in many organisms (Semple and Wolfe 1999; Gao and Innan 2004; Ezawa et al. 2006; Wang et al. 2007) . Theoretically, the gene conversion rate is the major factor to determine the identity level of DNA sequences under neutrality (Nagylaki and Petes 1982; Ohta 1982; Nagylaki 1983; Innan 2002 Innan , 2003 .
Thus, gene conversion indeed reduces the variation between duplicates, when it is defined as the average nucleotide divergence between paralogs. However, the situation would be different if genetic diversity is measured in terms of haplotype or a stretch of DNA sequence. Suppose that we define haplotypes on the basis of the sequences in a particular region (the boxed regions in Figure 1 ). In the right side of Figure 1 , a gene conversion event creates a new chimeric haplotype because the gene conversion occurs within the boxed region. On the other hand, when the gene conversion tract completely covers the boxed region as illustrated in the left side of Figure 1 , it does not introduce any new haplotypes into a population. It should be noted that in both cases, the average divergence is reduced by gene conversion. Nevertheless, the gene conversion event introduces a novel variant (haplotype) in the population in the former case (right side in Figure 1 ). This role of creating new haplotypes is emphasized at a locus where a high level of haplotype diversity is required, 1 such as animal major histocompatibility complex (MHC) genes (Baltimore 1981; Ohta 1991 Ohta , 1997 Parham and Ohta 1996; Martinsohn et al. 1999 ) and plant self-incompatibility (SI) genes (Sato et al. 2002; Charlesworth et al. 2003) . In those loci, it is well known that strong selection prefers a large amount of genetic variation at the haplotype level. In such a situation, haplotype variation can be enhanced by gene conversion especially when the gene conversion tract length is small.
In this article, we focus on the second outcome of gene conversion, that is, creating novel haplotypes. Our purpose is to elucidate the advantageous effect of gene conversion for loci under diversifying selection. We are especially interested in the effect of gene conversion tract length, as we predict that smaller conversion tracts can create new haplotypes more efficiently. We first consider a two-locus model in which a pair of duplicated loci is stably maintained in a population (model I). We also use a model that allows copy-number variation (model II): the first locus is fixed in the population, while the second locus can appear and disappear by mutations (duplication and loss). The second locus can be either functional or a pseudogene. In either case, we predict gene conversion between duplicates has an advantageous effect in terms of creating haplotype variation. Therefore, it might be expected that having a duplicate is advantageous for the population even when it is a pseudogene as long as gene conversion is active between them. Using these two models, we investigate the effect of gene conversion tract length on the following quantities: quantity (Q)1, haplotype variation maintained in the population in model I; Q2, the fixation probability of a duplicated gene in model II; and Q3, the longevity of a fixed duplicate in model II.
The first quantity, the number of haplotypes and haplotype diversity, has been investigated by Ohta (1991 Ohta ( , 1997 . She used a nine-locus model to make the situation similar to the human MHC genes. It is assumed that each gene consists of 50 infinite-allele sites and that the average gene conversion tract length is fixed to be half of the gene length (i.e., 25 sites). In this article, on the basis of our prediction, we use various tract lengths to investigate their effect, although we specify the models to be two-locus ones.
More importantly, the second and third quantities are investigated for addressing the questions on the maintenance mechanism of duplicated genes. Various scenarios for the preservation of duplicated genes have been proposed; i.e., one of the duplicated genes loses its function (pseudogenization or nonfunctionalization), one obtains a novel function (neofunctionalization), and both copies are preserved to complement the ancestral function (subfunctionalization) (for a review, see Walsh 2003) . It is believed that the major fate of a duplicated gene is the first one: the extra duplicated copy is pseudogenized shortly after duplication and disappears from the genome. Here, we show that in a special occasion where the original donor gene is under diversifying selection, a duplicated copy can be preserved even after it is pseudogenized. This is based on our prediction that when a gene is under diversifying selection, having an extra copy would be advantageous because the duplicated copy could enhance the variation in the original gene through gene conversion. For this purpose, it should not matter whether the duplicate is a functional gene or a pseudogene. The new scenario is supported by our large amount of simulations under various conditions.
GENETIC VARIATION AND HAPLOTYPE STRUCTURE IN THE MHC AND SI LOCI
This section shows that gene conversion plays significant roles in shaping the standing haplotype variations in the MHC and SI genes, classic example genes of diversifying selection (e.g., Wright 1939; Takahata 1990) . In both cases, very strong balancing selection is operating to maintain a number of haplotypes in a species. In the next section, we design simple two-locus models according to the observations introduced here.
MHC genes in primates: The MHC is a large genomic region containing multiple MHC genes, which play the major role in the immune system of vertebrates. The proteins encoded by the MHC genes are involved in the immune response to various pathogens. The MHC genes are classified into two classes, the class I and class II MHCs. Both classes of MHC genes have a peptidebinding region (PBR) of %50 amino acids in the second exon for class II and in the second and third exons for class I, which recognizes nonself peptides. It has been considered that overdominant selection is operating in the PBR because individuals having various kinds of recognition specificity to outsider peptides would be selectively advantageous (Doherty and Zinkernagel 1975a) . Therefore, those genes typically exhibit excep- tionally high levels of nucleotide variation (Doherty and Zinkernagel 1975b; Klein 1986; Hughes and Nei 1988; Gaudieri et al. 2000) .
Human MHC genes are referred to as the HLA (human leukocyte antigen) genes. There are at least 9 protein-coding genes and 17 pseudogenes for the class I HLA, which are designated as HLA-A-HLA-Z. There are at least 15 coding genes and 9 pseudogenes for the class II HLA, denoted by, for example, HLA-DRA, HLA-DRB1, and HLA-DQA1 (Robinson et al. 2003; Horton et al. 2004) . Several lines of evidence show that gene conversion occurs frequently between the class II HLA genes (Gorski and Mach 1986; Wu et al. 1986; Parham and Ohta 1996) , although clear evidence is not available for the class I HLA loci (Hughes and Nei 1989; Nei et al. 1997) . To demonstrate the point, HLA-DRB1 and -DRB3 are used as examples, which are those with particularly high levels of polymorphism in the HLA-DRB cluster. Figure 2A shows the multiple alignment of various haplotypes in the second exon of the two genes. It is shown that a number of polymorphic sites at the nucleotide level are shared by the two genes, indicating the role of interlocus gene conversion (Innan 2003) . The observed number of such shared polymorphic sites is far beyond that explained by multiple mutations. There are a number of shared polymorphic sites among other HLA-DRB genes (not shown), indicating that gene conversion has been active in the HLA-DRB cluster, thereby contributing to the introduction of new types of PBR.
Very similar patterns are also observed in other primates (Go et al. 2003; Abbott et al. 2006; Doxiadis et al. 2006) . Of particular interest is chimpanzee's ortholog of HLA-DRB6 (represented by Patr-DRB6), which has a very high level of variation, although it is a pseudogene. This gene has a number of shared poly- (Robinson et al. 2003) . The open circles indicate amino acids involved in peptide-binding regions (PBRs) in humans (Brown et al. 1993) . The solid circles represent shared polymorphic sites, which is a strong signature of gene conversion (Innan 2003 morphic sites with other functional genes such as Patr-DRB1 ( Figure 2B ), indicating that gene conversion is heavily involved in shaping the observed pattern of polymorphism. A similar pattern also holds for macaque's DRB6 (data not shown), while the amount of variation is not very high in humans.
SI genes in plants: SI is a mechanism for preventing self-fertilization in plants. SI is controlled by two tightly linked SI genes. The two SI genes encode the molecules for pistil-and pollen-side self recognitions. Since both genes have multiple alleles and recombination between the two genes is strongly suppressed, the specific term, ''S haplotype,'' is commonly used instead of the classical terminology, ''S allele'' (Nasrallah and Nasrallah 1993) . The interaction between the pistil and pollen molecules encoded by the same S haplotypes prevents fertilization. Under this system, individuals with minor S haplotypes have high mate availabilities, and therefore a very large number of S haplotypes can be maintained in the population by frequency-dependent selection (Wright 1939) .
In Brassica, the pistil-and pollen-side recognitions are controlled by two tightly linked genes, SRK (Stein et al. 1991; Takasaki et al. 2000) and SP11 (also named SCR) (Schopfer et al. 1999; Suzuki et al. 1999) , respectively. The SRK gene possesses a hypervariable (HV) region of %100 amino acids, in which a number of nonsynonymous variations are likely observed. This HV region is considered to be involved in recognition specificity (Stein et al. 1991; Hinata et al. 1995) .
It is known that in Brassica SRK has a tightly linked paralog called SLG. SLG is a partial duplicate of SRK because it has only the 59 half of the coding region (including the HV region) of SRK. While the expression of SLG has been confirmed, SLG may not be directly involved in the SI reaction . Therefore, we can consider that SLG is a nonfunctional gene in terms of the function of SI (it does not matter whether SLG has other functions), and we call it a pseudogene for simplicity. The situation could be similar to that of the DRB1-DRB6 (pseudogene) pair in chimpanzees ( Figure  2B ). The level of nucleotide variation in the HV region in the functional gene, SRK, is very high, and its putatively nonfunctional duplicated copy, SLG, also has a high level of variation in the corresponding part of the HV region perhaps through gene conversion (Sato et al. 2002) . The action of interlocus gene conversion can be clearly demonstrated in the allelic trees in Figure 3 . For two Brassica species (Brassica rapa and B. oleracea), we determined the sequences for several strains, and these data are pooled with publicly available data for the construction of the allelic trees (see supplemental material for details). S haplotypes, for which the sequences of both SRK and SLG are available, are used. It is found that for roughly half of S haplotypes, the two paralogs are most closely related to each other (emphasized by thick lines in Figure 3 ), which is a typical observation for gene pairs subject to gene conversion. The data also allow us to estimate the ratio of the gene conversion rate to the mutation rate, which turns out to be 30-40, indicating a high gene conversion rate in these regions. The estimation is based on two quantities: the average pairwise nucleotide differences within and between two loci, p w and p b (Innan 2002 (Innan 2002 ) is designed for a neutral case, but we believe we can apply the method to the SRK-SLG pair as a very special case. This is because allelic genealogy under multiallelic balancing selection can be roughly described by a neutral coalescent process when time is rescaled (Takahata 1990 ). This logic should hold for SRK and also for SLG when the two loci are completely linked.
A similar pattern has been also observed in Arabidopsis lyrata. The SRK gene in this species has multiple SLG-like paralogs, and evidence for gene conversion among them is available. Some paralogs would have complete gene structures and their expression has been empirically confirmed, but there may be no evidence that those paralogs are involved in the SI reaction and are subject to diversifying selection, like Brassica SLG (Charlesworth et al. 2003; Prigoda et al. 2005) .
MODELS AND SIMULATION
On the basis of the observations in the MHC and SI genes, we design two-locus models as follows (summarized in Table 1 ). Two linked duplicated loci, A and B (Figure 1) , are considered in a random-mating population with N diploids. As briefly mentioned above, model I assumes that the two loci are fixed in the population; that is, all chromosomes have both A and B. In model II, it is assumed that A is fixed, while presence/absence polymorphism is allowed for locus B. Each gene is represented by L bp of DNA sequences, corresponding to the PBR of the MHC genes and the HV region of SRK. At each site, four allelic states, 0, 1, 2, 3, are allowed, representing four nucleotides, ''A,'' ''T,'' ''G,'' and ''C.'' Codons (triplets of nucleotides) are assigned in the nucleotide sequences. For simplicity, we assume any mutation at the first and second positions causes amino acid changes, while it does not at the third position.
To simulate the molecular evolution of the two loci, we incorporate point mutation, recombination between A and B, recombination within each gene, and gene conversion between A and B as mutational mechanisms. Point mutations are introduced with a fixed rate, where m is mutation rate per site. Recombination between the two loci occurs at rate r b per diploid per generation, and in a similar way, intragenic (allelic) recombination within each gene is allowed at rate r w per base pair per generation. Note that intergenic recombination can occur in any individual, regardless of the presence of locus B. On the other hand, intragenic recombination in locus B occurs only in diploids, in which locus B is present in both chromosomes. Gene conversion occurs between the two loci at the same rate. We use a gene conversion model that assumes that the gene conversion tract length is a random variable from the geometric distribution with parameter q (Wiuf and Hein 2000; Teshima and Innan 2004) . A gene conversion event can be initiated at any site in the duplicated region at rate g per generation, so that the gene conversion rate per site (c, the rate that a site experiences gene conversion defined in Innan 2002 Innan , 2003 is given by c ¼ g/Q, where Q ¼ qL. L/Q represents the average tract length of gene conversion. It should be noted that gene conversion can be initiated out of the simulated region, because our simulated region should be a part of the duplicated region. We assume that the duplicated regions are much larger than L bp. Table 2 summarizes the parameters used in this study.
In our simulations, point mutation, recombination, and gene conversion are introduced at each generation. Then, the fitness of each diploid individual is determined (see below for details), according to which the next generation is randomly generated under the Wright-Fisher model. Throughout this study, we fix N ¼ 100 and u (4Nm) ¼ 0.01 because computational time with a large N is very long. Nevertheless, our results hold for a large population, which was confirmed with limited parameter sets (not shown).
Model I: Model I investigates the haplotype variation in the simulated region when the two loci are stably maintained in the population. The haplotype variation is considered at the amino acid level: in our simplified sequence model, a pair of sequences is considered as distinct haplotypes when they have at least one heterogeneous sites at the first and second positions in the codons. As a measure of haplotype variation, the number of haplotypes (K) in a population and the haplotype diversity (H, the probability that randomly chosen haplotypes are different) are calculated. Throughout this article, because the results for K and H are consistent, only the results for K are shown (see supplemental Figures 1-3 for the results for H).
We consider two cases: in case I, the two genes are functional, while locus B is assumed to be a pseudogene in case II. A pseudogene is defined such that it has no fitness effect on the host genome whether or not it is transcribed. Both cases can be applied to the MHC types of genes, while only case II can be applied to the SI types of genes. We first describe the simulation procedure for the MHC types of genes. Following the human MHC genes, L is assumed to be 150 bp, which is similar to the typical length of the PBR of the MHC genes. Let i be the number of different haplotypes in a diploid individual, which determines the fitness of the host individual. Note that only haplotypes in the active genes are counted, so that i ¼ 1, 2, 3, 4 for case I and i ¼ 1, 2 for case II. We assume that the selection effect is additive; that is, the fitness is given by
in case I and
in case II. For each parameter set, a single run of simulation is performed. The initial state of the population is that the allelic state is 0 at all 2 3 L sites for all chromosomes. A prerun of 5000N generations is carried out to accumulate variation. After the prerun, K and H are computed in every N generations. The simulation run is continued to accumulate 10 5 observations (i.e., 10 7 generations), from which the average K and H are obtained for each locus. The K and H of the two genes for case I are almost identical because of the symmetry of the model, while they are different in case II where selection works only on locus A. Therefore, we pool the data from the two loci in case I, while in case II we investigate the levels of variation in loci A and B separately.
Only case II may be applied to the SI types of genes and this special case is called case II9. There are some parameters specific to case II9. According to the Brassica SRK genes, L ¼ 300 bp is assumed. Because homozygotes are usually lethal, s ¼ 1 is assumed. Because the recombination between S haplotypes is strongly suppressed (reviewed in Uyenoyama 2005), R b ¼ R w ¼ 0 is assumed. Brassica species employ a sporophytic selfincompatibility (SSI) system, in which both the pistiland pollen-side recognition specificities are controlled by parental diploid genotypes (Takayama and Isogai 2005) . In other words, because all individuals have two S haplotypes as heterozygotes, both pistil and pollen exhibit two recognition specificities. Our simulation Vekemans et al. (1998) . In practice, two individuals are randomly chosen in the population of the previous generation, representing female (pistil) and male (pollen) parents. If the two parents share at least one haplotype in locus A, these two parents are discarded, and another pair of parents is randomly chosen again. If the male and female parents do not share any haplotype, a new progeny is generated. This procedure is repeated until N progenies are obtained. Note that our model assumes complete codominance of the S haplotypes. The effect of dominance among the S haplotypes is ignored for simplicity. Although its possibility has been pointed out, the effect on our conclusion may not be large because our primary interest is in gene conversion. Dominance would work to reduce the effect of selection (Schierup et al. 1997; Vekemans et al. 1998) .
Model II: In model II, presence/absence polymorphism of the locus B is allowed, while all 2N chromosomes have locus A. The model can be applied to both MHC and SI types of genes. The model is to investigate the fixation probability and longevity of the duplicated gene, locus B. To evaluate the fixation probability, a simulation starts with the initial condition where no chromosome in the population has locus B. After a prerun (200N generations) for accumulating variation in locus A, a single chromosome is randomly selected, where a duplicate of locus A arises as locus B. Accordingly, this chromosome has two copies of exactly the same sequences, and the other 2N -1 have only locus A. After this duplication event, no duplication or deletion event is incorporated, so that we are able to trace the fate of this duplicate: fixation or extinction. From at least 5 3 10 5 replications of this simulation, we obtain the fixation probability of locus B.
Similarly we investigate how long a fixed locus B can be maintained in the population when it is subject to deletion. The system starts with the state where locus B is fixed in the population. The simulation includes a prerun (20,000N generations), the procedure of which is the same as that of model I (no deletion occurs in the prerun). After the prerun ends at time t ¼ 0, locus B is subject to deletion at rate V. Then, the simulation continues until locus B becomes extinct from the population. From a number of replications of this simulation (10 5 ), the average time from t ¼ 0 to extinction is computed.
RESULTS
Haplotype variation: We first focus on the haplotype variation in case I in model I. In Figure 4A , the average number of haplotypes per gene, K, is plotted against Q, the parameter to determine the size of the gene conversion tract: the expected length is long for a small Q. Because the two loci are functional in this model, K in Figure 4A is the average over the two loci. Two selection intensities (Ns ¼ 5 and 1) are used, and R b ¼ 50 and R w ¼ 0 are assumed. Four values of the gene conversion rate are considered (C ¼ {0.01, 0.1, 1, 10}) and C ¼ 0 is also included as a control. It is clearly demonstrated that Q and the average number of haplotypes are positively correlated for all gene conversion rates, supporting our hypothesis of high efficacy of generating novel haplotypes when the conversion tract is small. This positive correlation is also observed when R b ¼ 0 ( Figure 4B) .
Overall, the average number of haplotypes is larger for Ns ¼ 5 than for Ns ¼ 1 (Figure 4, A and B) , indicating that diversifying selection at the two loci works to favor a high level of haplotype diversity, in agreement with classic theory under a single-locus model (Takahata 1990) . Recombination is helpful in terms of shuffling the variation in the two loci. K is positively correlated with the recombination rates between the two loci ( Figure  4C ) and within each locus ( Figure 4D ), although the effect of the latter is weak.
The effect of the gene conversion rate on the number of haplotypes is not simple as demonstrated in Figure  4C . When C is relatively small, K and C are positively correlated, but they are in a negative correlation if C exceeds a certain threshold. It seems that there is an optimum C in terms of enhancing haplotype variation. The optimum C should depend on other parameters, among which the recombination rate between the two loci might be of special importance: the threshold is high for a large R b . When C is large, the effect of gene conversion on homogenizing haplotypes between the two loci might be too large, so that the effect of creating new haplotypes may be canceled out. However, even with a very high C, K is larger than that expected with no gene conversion (open rectangles with shaded lines in Figure 4, A and B) .
The results in case II ( Figure 5 ) are essentially identical to those in case I (Figure 4) , except that the average numbers of haplotypes for the two loci (represented by K A and K B ) are different: because of no selection at locus B, the expectation of K B is smaller than that of K A . Nevertheless, K B is much larger than that expected without gene conversion (C ¼ 0) because high variability in locus A is transferred to locus B. K A and K B become similar as C increases. The overall patterns observed in case I hold in Figure 5 : K A and K B are positively correlated with Ns, Q, R b , and R w . Again we observe that there is an optimum C to maximize the effect of creating new haplotypes. The optimum C is large for a large R b .
As a special case of case II, we consider case II9 ( Figure  6 ). The pattern is very similar to those observed in Figures 4 and 5 , although the effects of R b , R w , and Ns are not investigated in case II9 because we use fixed values for those (R b ¼ R w ¼ 0 and s ¼ 1).
Thus, it can be summarized that there is an overall advantage of interlocus gene conversion in creating haplotype variation in loci under diversifying selection. Its quantitative effects are as follows:
1. The effect of gene conversion is large when the gene conversion tract is small (large Q). 2. There is an optimum gene conversion rate (C).
3. The effect of gene conversion is enhanced by intraand interlocus recombination.
These quantitative effects also hold for the haplotype diversity, H, as shown in supplemental Figures  1-3 . Deleterious mutations including nonsense mutations are important factors in case II and case II9, but not incorporated in the above simulations. Such deleterious mutations should be quickly eliminated in case I so that their evolutionary contribution is negligible. However, the effect cannot be ignored in case II and case II9 because it is likely that premature stop codons and deleterious amino acids can be accumulated in locus B (pseudogene), where there is no purifying selection. When deleterious mutations in locus B are transferred by gene conversion, it has a significant impact on fitness. It is known that a number of gene conversion-mediated human diseases involve nonsense mutations in pseudogenes (Chen et al. 2007 ). In the Brassica SI system, it has been reported that gene conversion from SLG to SRK could cause nonfunctionalization of SRK (Fujimoto et al. 2006) . Additional simulations with deleterious mutations are also performed, and we obtain almost identical results (supplemental Figures 4 and 5) . In all parameter sets investigated, we confirm the above three quantitative effects of gene conversion. We observe a slight reduction in K and H as the effect of deleterious mutations. This can be understood if we consider that deleterious mutations in locus B work to reduce the effective gene conversion rate from B to A because of its deleterious effect (i.e., such deleterious gene conversion would be quickly eliminated from the population). Note that it is obvious that gene conversion in the other direction is neutral.
Fixation probability and longevity: It can be easily imagined that when the duplicated gene (locus B) is functional, there is a direct advantage of it, which offers a potential source for having more haplotypes for the host individual (Figure 4 ). More interestingly, we show that even when locus B is nonfunctional, its existence can help to introduce new haplotypes in locus A (Figures 5 and 6 ). In this section, to investigate the evolutionary significance of the existence of locus B, we investigate the second and third quantities listed in the Introduction (i.e., fixation probability and longevity) by using model II. To demonstrate the point, intragenic recombination and deleterious mutations are ignored because they have minor effects (data not shown).
We first focus on case I, where both loci are functional. As mentioned above, there is a direct advantage of having the extra copy (i.e., locus B), which is seen as elevated fixation probabilities in comparison with the case of no selection (i.e., 1/2N ¼ 0.005 in Figure 7 , A and B). It seems that there is almost no positive effect of gene conversion to enhance the fixation of locus B (Figure 7, A and B) . The effect is rather negative: the fixation probability in the cases of C . 0 is overall lower than that of no gene conversion (C ¼ 0, open rectangles with shaded lines in Figure 7 ). This could be because the effect of gene conversion is positive only when locus B accumulates a high level of variation; otherwise the other negative outcome of homogenizing variation may dominate the positive one. Usually, the fixation process of a new duplicate occurs in a relatively short time (much shorter than the time required to accumulate a high level of polymorphism). In this model, because the fixation of locus B is already advantageous, the negative effect of gene conversion may be emphasized.
In Figure 7 , C and D, the longevity of locus B is investigated. Overall, the effect of gene conversion is not very negative unless C is very large. For some parameter sets, we see a slight positive effect of gene conversion to preserve locus B, probably because the process requires a much longer time than that for the fixation process.
In contrast, the situation is quite different in case II, in which locus B is nonfunctional (Figure 8 ). If there is no gene conversion (open rectangles with shaded lines in Figure 8 ), there is no evolutionary advantage for having locus B; therefore, the fixation probability is 1/ 2N and the longevity depends on the deletion rate, V. In Figure 8 , we observe the effect of gene conversion in the positive direction for preserving locus B. The fixation probability and longevity for C . 0 are larger than those for no gene conversion (Figure 8 ). The quantitative effects of gene conversion on these two quantities are in agreement with the first and second points in the pre- vious section, Haplotype variation (although the relationship with the recombination rate may be complicated). The fixation probability and longevity are positively correlated with Q and Ns, and there seems to be an optimum C to maximize the fixation probability and longevity. This pattern also holds for case II9 (Figure 9 ).
DISCUSSION
Simple two-locus models with interlocus gene conversion are used to investigate the effect of gene conversion on the haplotype variation in the two loci (model I) and the fixation probability and longevity of the second locus (model II). The models are designed such that we can investigate those three quantities in situations similar to the PBR in the MHC genes and the HV region in SI genes. For the former (MHC), we consider two situations: (1) both of the two loci are functional and (2) the first locus is functional and the second is nonfunctional, while for the latter (SI), it is automatically assumed that the second locus is a pseudogene because only one copy is usually involved in the SI system. Ohta (1991 Ohta ( , 1997 used similar models to our model I and demonstrated that gene conversion works to increase the number of haplotypes. Our results confirmed her conclusion (Figures 4 and 5 ). Her models assume that the average gene conversion tract length is fixed to be a half of the gene length. Here, we extended the models, in which the tract length follows a geometric distribution with parameter Q. This is because we predict that Q is an important factor to determine the efficacy of gene conversion on creating new haplotypes. We find that Q and the number of haplotypes, K, are in a positive correlation for the wide range of parameters investigated in cases I, II, and II9 (Figures 4-6 ), supporting our prediction.
Other parameters also affect K, including mutation, recombination, gene conversion rates, and selection intensity (Figures 4-6) . Although the population mutation rate u is fixed through this study, it is easy to imagine that u and K should be in a positive correlation. For the selection coefficient, only two representative values are used (Ns ¼ 1 and 5). It is found that K is always larger for Ns ¼ 5, indicating a positive effect of Ns on K, which is expected from classic theoretical results in a single-locus model (Takahata 1990 ). The inter-and intralocus recombination rates (R b and R w ) are also positively correlated with K. The former works to provide new pairs for gene conversion as theoretically demonstrated (Innan 2002 (Innan , 2003 , while the latter directly contributes to the introduction of new haplotypes (Takahata and Satta 1998) . The relationship between C and K is not simple. There seems to be an optimum gene conversion rate to maximize its effect.
The fixation probability and longevity are also positively correlated with Q, indicating that short gene conversion tracts work efficiently to create new haplotypes when the gene conversion rate (C) is the same. Similar to the effect on the haplotype diversity, there seems to be an optimum C to maximize the fixation probability and longevity (Figures 7-9) .
It is interesting that this positive effect of gene conversion in creating new haplotypes is observed when one of the two loci is a pseudogene (Figures 5 and 6) , suggesting a possibility that the original functional gene under diversifying selection can be benefited by having an extra copy even when it is a pseudogene. As a consequence, a pseudogene created by duplication can be preserved by gene conversion and diversifying selection. We use model II to quantitatively evaluate this possibility. It is found that selection operating at locus A enhances the fixation probability and longevity of its nonfunctional duplicate, locus B (Figures 8 and 9 ). Q and Ns are positively correlated with the fixation probability and longevity, while there is an optimum C to maximize an advantageous effect. It is important to note that the fixation probability and longevity for C . 0 are always larger than those for C ¼ 0.
This result can be contrasted with previous theoretical studies on the fates of duplicated genes. It is predicted that pseudogenization is the most likely fate of duplicated genes (Li 1980; Ohta 1987; Lynch and Conery 2000; Walsh 2003) . It is usually considered that there is no reason for the genome to keep pseudogenes; subsequently pseudogenes should be degenerated and disappear relatively quickly. Our simulations demonstrate that when diversifying selection is working in the donor gene, there is a positive effect of having a duplicate on the host genome, even after it is pseudogenized.
It is usually considered that having a pseudogenized duplicate is deleterious when gene conversion occurs between them. This is because gene conversion from the pseudogene to the functional gene could transfer deleterious mutations accumulated in the pseudogene (Chen et al. 2007) . A number of gene conversionmediated human genetic diseases involve such events. However, when the donor gene is under diversifying selection, our simulations suggest that the effect of gene conversion might dominate the negative effect (supplemental Figures 4 and 5) .
These findings should be consistent with the real sequence data in duplicated genes under the effect of diversifying selection and gene conversion. As shown in Figures 2 and 3 , the polymorphism data in the MHC and SI genes show a number of clear footprints of gene conversion between pseudogenes and their functional donors. Our results would explain why there are a number of pseudogenized duplicated genes in the MHC cluster.
Although we focused on the two very typical cases (the MHC and SI genes) throughout the article, our conclusion can be applied to any gene under diversifying selection (i.e., multiallelic overdominant selection and frequency-dependent selection). Examples include plants' disease-resistance genes (R genes). Similar to the MHC genes, the R multigenes usually form a cluster including many pseudogenes and gene conversion among them has been implicated (Parniske et al. 1997) . Various surface antigen genes in the trypanosome could be another example, in which antigenic variation is considered to be generated via gene conversion from pseudogenes (Roth et al. 1989 ) and a number of pseudogenes (presumably .500) are retained in its genome (Berriman et al. 2005 ). Furthermore, although our models cannot be directly applied, the results could explain the advantage of gene conversion in somatic cell divisions in the immunoglobulin genes (Miyata et al. 1980; Baltimore 1981; Ohta 1992) . Immunoglobulin proteins are antibodies specific to foreign molecules. In general, the diversities of immunoglobulin heavy and light chains are generated by somatic recombination among a large number of segments (i.e., the V, D, and J segments) during the B cell maturation. This editing process creates high levels of variation in the antigen-binding domain of the immunoglobulin protein. In some species including chickens and rabbits, it is reported that pseudogenized duplicates are involved in this process probably through gene conversion (e.g., Reynaud et al. 1987; Thompson and Neiman 1987; Becker and Knight 1990; Roux et al. 1991) . It is suggested that pseudogenes play an important role to generate somatic diversity and that selection might be operating to maintain those pseudogenes.
